Abstract: This work describes the strain-relaxation-dependent carrier concentration ( ns) profile model using spontaneous and piezoelectric polarization for AlN/Al x Ga 1−x N/AlN HEMTs in all mole fraction ( x) interpolations. As x varies, the Aluminum Gallium Nitride (AlGaN) channel shows strain relaxation with the Aluminum Nitride (AlN) barrier. The degree of relaxation is modeled from AlN to GaN regions in the channel. It shows that the AlN barrier and buffer relaxation and strain recovery occurs due to the gradual crystal quality degradation from barrier/buffer to the channel interface. These combination devices show less drain current degradation with temperature variation from 300 K to 573 K. This model shows a good agreement with experimental data with a carrier density of ns = 2.8 × 10 13 /cm 2 .
Introduction
For next-generation power devices, III-V nitride compound semiconductor devices have proven to be a promising candidate because of their attractive physical properties. Among these III-V devices, AlN-and GaN-based devices have demonstrated record high frequency (f t ) and high breakdown voltage (V BO ) [1] [2] [3] . Recently, AlN barriers have been incorporated in GaN-channel-enhanced device power characteristics like V BO and power density [4] . For Al 0.53 Ga 0.47 N/Al 0.38 Ga 0.62 N HEMT with gate-drain distances of 3 and 10 µ m, V BO improved from 463 V to 1650 V [5] . Further increases in Al composition in the barrier and channel (Al 0.86 Ga 0.14 N/Al 0.51 Ga 0.49 N HEMT) increase source-to-drain V BO to 1800 V [6] . Thus, incorporating AlN in the barrier and the channel boosts device performance for high-power applications. Negligible drain current degradation (about 4%) is reported for a temperature increase from 300 K to 573 K during device operation with AlN/Al 0.60 Ga 0.40 N/AlN HEMT devices [7] . This degradation is significantly less than that of GaNbased devices because of the higher electron velocity of the AlGaN channel. Here a contact resistivity of 1.9 × 10 −2 Ω /cm is achieved with metal stack of Zr/Al/Mo/Au and by annealing at 950 • C. Moreover, the Al 0.31 Ga 0.69 N/Al 0.06 Ga 0.94 N/Al 0.06 Ga 0.94 N combination delivers an output power density of 4.5 W/mm with a power-added efficiency of 59% using the load pull measurement at a frequency of 4 GHz. In comparison with GaN HEMT devices, the figure of merit is less because of the higher alloy disorder scattering with higher Al combination in the channel and the barrier [8] . In reality, these devices with higher Al combination provide better benchmarking for high-breakdown and high-temperature operation. Free-standing AlN substrate shows a best lattice match with AlN buffer and the dislocation degradation is less than 10 6 cm −2 in AlGaN/GaN HEMT devices [9] . The presence of an AlN back barrier with intrinsic AlGaN channel improves device threshold to +3 V, maintaining switching losses for low power applications. An Al mole fraction of 0.75 with AlN back barrier is suited for high-current as well as high-breakdown applications [10] .
In this paper, the spontaneous and piezoelectric polarization model for an AlN/Al x Ga 1−x N/AlN HEMT device with mole fraction (x) interpolated from 0 to 1 is reported. Relaxation and strain recovery is observed in these devices due to the gradual degradation of crystal quality by varying x interpolation from 1 to 0. At x = 0.3, the lattice relaxation occurs, recovering crystal quality for a film thickness of 10 µm and repeats at x = 0.7 for 5 µ m film thickness.
The paper is organized as follows: the introduction features a brief description about Al x Ga 1−x N or AlN/Al x Ga 1−x N/AlN HEMT devices with an incremental effect of AlN interpolation in the barrier. Section 2 explores the device structure and Section 3 shows the polarization with the carrier density model in AlN/Al x Ga 1−x N/AlN HEMT devices. Finally, this device model is verified with experimental data. Figure 1 shows the device cross section of a modeled AlGaN channel with an AlN buffer, barrier, and substrate. The unintentionally doped Al x Ga 1−x N channel and AlN barrier are grown on AlN buffer at high temperature. The AlN buffer layer is essential to achieve a high-quality AlN channel. The channel and barrier thickness are 600 nm and 25 nm respectively, as per experimental paper dimensions [11] . The sheet carrier concentration from the Hall measurement at room temperature for AlN/Al 0.51 Ga 0.49 N/AlN HEMT is 2.8 × 10 13 /cm 2 .
Device description
Source/drain regions are heavily doped and ohmic regions are formed. The contact resistance is derived from the ohmic contact interfaces. For the polarization model, only 2DEG formed at the AlN/AlGaN interface is considered in the calculations and hence it is assumed that the barrier region is completely ionized and that all the carriers are accumulated at the interface. Only the Gallium (Ga) face is considered for calculation of the carrier density model. 
Polarization and sheet charge density
In this work, the AlN/AlGaN region is assumed as the Ga face. The elastic constants used for the model are denoted by c 33 and c 11 . Polarization parameters are taken from [11] . 
The piezoelectric constants for the above AlGaN/AlN interface are
The spontaneous polarization and the total spontaneous polarization are given by
Relaxation rate and piezoelectric polarization
The piezoelectric polarization is reduced as the Al composition increases due to the strain relaxation in GaN channel heterostructures. In this device, strain relaxation is analyzed for a barrier thickness of 25 nm. As the alloy composition of x in the channel is varied from 1 to 0, the barrier is completely relaxed with the channel region. Let r (x) be the relaxation rate for all interpolation ranges. The model used to define the relaxation rate is given by
here a AlGaN and a AlN are the inplane lattice constants measured for AlGaN channel and AlN barrier regions. The lattice constants a AlGaN(0) and a AlN(0) are in plane at zero strain from Eq. (2).
The relaxation rate assumed model from carrier density is given by
The piezoelectric polarization is calculated by the difference between AlN and AlGaN piezoelectric charge density as follows: 
The total polarization confined charge by spontaneous and piezoelectric polarization is given by
Carrier density model
Total carrier density depends upon the difference between the total charge induced by spontaneous and piezoelectric polarization and the Fermi energy level position in the potential well. The carrier density model and the parameters are
here σ(x) represents the total polarization charge, ε(x) is the dielectric constant, e is charge of electrons, E g (GaN ) = 3.42;
Results and discussion
The experimental results and proposed model show excellent concurrence for predicting sheet carrier concentration characteristics of AlGaN channel with AlN barrier with respect to different material compositions. The device is simulated using Sentaurus TCAD simulation (Synopsys; Mountain View, CA, USA). The density gradient mode along with carrier confinement is included to match the experimental data. charge (spontaneous and piezoelectric polarization) as a function of Al mole fraction is shown in Figure 3 . As the Al mole fraction is decreased, the total polarization charge increases. As x is varied from AlN to GaN in the channel, it relaxes with the barrier and the piezoelectric charge is confined in 2DEG (Figure 3 ).
Total confined 2DEG charge due to spontaneous and piezoelectric polarization is analyzed in Figure 4 . Spontaneous and piezoelectric charge increases when the band difference increases between the barrier and channel (Figure 4) . Incorporation of the carrier density model in spontaneous and piezoelectric polarization analyzed from Eq. (9) is plotted in Figure 5 . As the channel varies from AlN to GaN, the confined sheet charge density increases with the barrier thickness. The effects of Fermi level and conduction band discontinuity are incorporated using Eq. (10). In Figure 6 , constant partial strain relaxation is assumed as 0.5 in the channel, with a constant interpolation x of 0.51. For a barrier thickness of 25 nm, the sheet charge density reported is 2.6407 × 10 13 /cm 2 .
This result is consistent with experimentally reported carrier density of 2.8 × 10 13 /cm 2 [12] . Constant x interpolation is assumed from the experimental literature.
When strain relaxation is 0.45 in Eq. (7), the carrier density is 2.7648 × 10 13 /cm 2 ( Figure 7 ). This carrier sheet charge density is well matched with experimentally reported data. According to these results, AlN is partially strain-relaxed with the AlGaN channel, using the AlN buffer region [12] . A constant strain relaxation of 0.45 is included here. Nickel (Ni) gate metal is employed for better channel control and to reduce contact resistance. The drain current versus transconductance of the investigated device is obtained by simulations using the Sentaurus TCAD device simulator (Synopsys). A transconductance of 575 mS/mm is obtained in the above device with variable gate voltage ( Figure 8) . The maximum drain current reported in this device is 600 mA/mm. However, the performance of the device is limited due to increased surface defects and short channel effects. The model is validated with experimental data represented in [11] and shows good agreement. The expressions used in the model are simple and provide enough insight for exploring sheet carrier concentration density n s for a novel AlGaN channel with AlN-barrier-based high-power and high-breakdown HEMT devices.
Conclusion
In this paper, the sheet carrier density model for various alloy compositions in an AlGaN channel with the AlN barrier on the performance of AlN/Al x Ga 1−x N/AlN HEMT has been analyzed. The AlN/Al x Ga 1−x N/AlN HEMT is modeled using spontaneous and piezoelectric polarization in all x interpolation. The carrier density with relaxation rate is also incorporated in polarization. The experimentally reported carrier density of 2.8 ×
10
13 /cm 2 for device combination AlN/Al 0.51 Ga 0.49 N/AlN HEMT is well matched with our model predicting the partial strain relaxation for x = 0.45. If the strain relaxation is above 0.5, the carrier density is severely degraded. The degree of relaxation is varied from AlN to GaN in the channel. It shows that the AlN barrier with AlN buffer devices provide better relaxation than AlGaN channel devices.
